INTRODUCTION: THE HUMAN GUT MICROBIOME
The human gut harbors one of the most densely populated and complex ecosystems known. The colon contains approximately 2-5 Â 10 11 bacteria per gram wet weight feces and a total of several hundred grams of bacteria in the adult colon. The vast majority of bacteria colonizing the human gut are mostly obligate anaerobes with lesser numbers of facultative anaerobes, archaea, and yeast [1 && ]. Because the lumen of the gastrointestinal tract is a highly anaerobic environment, microorganisms must carry out fermentative metabolism. The major substrates for growth of gut bacteria include 100-200 g/wet weight/day of sloughed intestinal cells, plant polysaccharides, starch, and cellulose as well as bile components. From these substrates, gut bacteria produce short-chain fatty acids (acetate, propionate, butyrate) that can account for up to 10% of the total caloric intake per day [2] . Butyrate is an important energy source and regulatory molecule for colonocytes [3] . Gut bacteria also produce metabolites from the fermentation of amino acids (cresol, phenylacetate, indole) that can be toxic to the host, especially patients with severe liver disease.
In the past, studies of the gut microbiome identified microorganisms by culture-dependent methods along with fluorescence in situ hybridization, PCR, and gel-based techniques. However, in recent years, high throughput techniques including 454 pyrosequencing of 16S rRNA genes have dramatically improved the ability to rapidly and cheaply determine the composition of the human gut microbiome [4] . The 16S rRNA gene was chosen because it is the most invariant gene in the bacterial genome and is considered the best phylogenetic marker for molecular taxonomy. Bacterial 16S rRNA genes sharing 97-99% identity are referred to as an operational taxonomic unit (OTU) and represent a 'phylotype' [5] . The literature suggests that the human gut microbiota contains more than 1000 phylotypes. These phylotypes are divided into six divisions/phyla including: Firmicutes, Bacteroidetes, Proteobacteria, Acinetobacteria, Fusobacteria, 
Bile acids as regulators of gut microbiome community structure
The composition of the human gut microbiota can be altered by diet, age, antibiotics, and disease. Bile acids appear to be a major regulator of the gut microbiota. In this regard, a recent report by Kakiyama et al. suggests a connection between the liver health, fecal bile acid concentrations, and gut microbiota composition [6 && ]. In this study, levels of fecal bile acids and microbiome community structure as determined by 16S ribosomal gene quantification were compared between control patients and patients with early and advanced cirrhosis. As cirrhosis progressed, it was observed that bacterial dysbiosis observed in cirrhosis [7 && ,8 && ] is linked to low bile acid levels entering the intestine [6 && ]. This dysbiosis was characterized by significant reduction in gram-positive members of the normal microbiota such as Blautia and Ruminococcaceae [9] . Indeed, there were significant correlations between fecal secondary bile acids and these members of Clostridium cluster XVIa, which include bacteria known to produce them [6 && ]. An increase in pro-inflammatory and potentially pathogenic taxa, Enterobacteriaceae as cirrhosis advances was observed in cirrhotic patients with decreased fecal bile acid levels [6 && ]. Thus, bile acid pool size and composition appear to be important factors in regulating gut microbial community structure in humans.
It is clear that bile acids have both direct antimicrobial effects on gut microbes [10] , and indirect effects through farnesoid X receptor (FXR)-induced antimicrobial peptides [11] . Indeed, the potency of deoxycholic acid (DCA) as an antimicrobial agent is an order of magnitude greater than cholic acid, owing to its hydrophobicity and detergent properties on bacterial membranes [10] . Complex and significant changes in the gut microbiome are observed when rats are fed bile acids. Islam et al. [12] demonstrated that a medium cholic acid intake (1.25 mmol/kg) and high cholic acid (5 mmol/kg) diet resulted in phylum-level alterations of the gut microbiome with Firmicutes vastly expanding from 54% of the microbiome in control rats to between 93 and 98% of the microbiome. At the class level, the Clostridia expanded from 39% in controls to roughly 70% and within the Clostridia, the genus Blautia expanded from 8.3% in control rats to between 55 and 62% when the mice were fed cholic acid [12] . Blautia includes many species of Clostridium and Ruminococcus spp., many of which are found within Clostridium cluster XIVa, and closely related to human bile acid 7a-dehydroxylating species (resulting in secondary bile acids), which make up a small fraction of this taxonomic group [13] . Total bile acids in feces increase six-fold and 20-fold in the medium and high cholic acid diet, respectively, with the medium cholic acid diet containing similar levels to those reported in human fecal water on a high-fat diet. These results demonstrate that increased input of bile acids results in significant inhibition of the Bacteroidetes and Actinobacteria, two of the three major phyla reported in the microbiome of humans [12] . Expansion of the Firmicutes results in significant expansion of DCA-producing bacteria. In this regard, we observed a 1000 fold increase in the levels of bile acid 7a-dehydroxylating bacteria by feeding mice cholic acid [13] . An important question is whether this expansion is a result of bile acid 7a-dehydroxylating bacteria producing a potent antimicrobial agent that reduces competition for nutrients, or whether
KEY POINTS
The global bile acid pool differs markedly between germ-free and conventional mammals.
Through bile salt hydrolysis and bile acid 7a-dehydroxylation, the gut microbiome is capable of producing secondary bile acid hormones that affect host physiology.
A dynamic equilibrium exists between diet-gut microbiome-bile acid pool size/composition. Perturbations in this equilibrium can result in pathological states (gastrointestinal cancers, gallstones, liver disease).
Bile acids and the gut microbiome Ridlon et al.
primary bile acids serve as a major fermentative electron acceptor, much in the way pyruvate is used in alcoholic and lactic fermentations.
If bile acid feeding results in expansion of Clostridium cluster XVIa, then we should expect to see a decrease in this taxonomic group when bile acid levels sharply decline. The study by Kakiyama et al. [6 && ] suggests precisely this. Levels of bile acids entering the large intestine thus have a profound effect on the major division/phyla level taxa in the lumen of the gut. Bajaj et al. [7 && ] also demonstrate that the mucosal microbiome community was significantly different from the community in the lumen and these differences correlated with complications of cirrhosis such as hepatic encephalopathy [7 && ]. Taken together, decreasing levels of bile acids in the gut favor gram-negative members of the microbiome, some of which produce potent LPS, and include potential pathogens. Increased bile acid levels in the gut appear to favor gram-positive members of the Firmicutes, including bacteria that 7adehydroxylate host primary bile acids to toxic secondary bile acids.
Microbial bile acid products as promoters of liver cancer
Biotransformation of cholic acid and CDCA/UDCA through bile acid 7a/b-dehydroxylation results in formation of the secondary bile acids, DCA and LCA, respectively. A small population of intestinal species in the genus Clostridium, including C. scindens, C. hiranonis, C. hylemonae (Clostridium cluster XVIa), and C. sordelli (Clostridium cluster XI) are capable of producing secondary bile acids [14] . Unlike rodents, the human liver is incapable of 7a-hydroxylating secondary bile acids returning to the liver via the portal vein, and thus secondary bile acids can accumulate to high levels in the bile of some humans ( Fig. 1) [14] . Secondary bile acids, particularly DCA, are known to accumulate in the bile acid pool of individuals on a 'Western diet' (Fig. 1) . Indeed, increased DCA levels in feces, serum, and bile of patients with colon cancer and some cholesterol gallstone disease is widely reported [15] . DCA is known to activate a number of cell-signaling pathways associated with disease phenotypes [16] . Yoshimoto et al. [17 && ] recently reported a novel mechanism by which DCA acts as a major microbial metabolite associated with obesity-associated hepatocellular carcinoma (HCC). DCA provoked hepatic stellate cells in an animal model to secrete pro-inflammatory and pro-tumorigenic factors in what is known as the senescence-associated secretory pathway in the presence of a chemical carcinogen. Although DCA was not sufficient to cause cancer in this model, it was necessary, as antibiotics that knocked out DCA production resulted in significant decline in HCC, which was reversed by feeding DCA to antibiotic-fed mice [17 && ]. The authors performed microbiome analysis and noted significant expansions of Clostridium clusters XI and XVIa in high fat diet (HFD) versus normal-chow diet. Clostridium cluster XI was populated by a single species similar to C. sordellii, composing 12% of the gut microbiome in HFD mice. Clostridium cluster XVIa made up only 0.5% of the population in HFD-fed mice. These results, as the authors cautiously note, suggest C. sordellii is responsible for the increase in DCA. Previously, our lab quantified bile acid 7a-dehydroxylating activity in a number of human isolates within Clostridium clusters XI and XVIa, including C. sordellii [18] . C. sordellii fell within the 'low activity' strains, whereas species such as C. scindens (cluster XVIa) had 100-fold greater bile acid 7a-dehydroxylating activity in vitro. It is possible that regulation of bile acid 7a-dehydroxylating activity differs in vitro vs. in vivo, and measurements of in-vivo rates of bile acid metabolism will be required to settle this issue.
Microbial control of bile acid pool size
Recent reports link metabolism of bile salts by gut microbes to bile acid pool size. Observations between germ-free rodents and 'conventional' (i.e. acquiring a normal microbiome) revealed striking differences in bile acid pool size. Conventional animals, despite having a greatly reduced bile acid pool size (decreased $71%) compared with germfree mice, nonetheless have significantly higher levels of bile acid in the cecum [19 && ]. The increased level of bile acid in the cecum of germ-free mice has been reported to be because of the downregulation of the apical sodium-dependent bile acid transporter, which is under control of intestinal FXR [20 && ,21]. Observations of this kind were made decades ago, but only in the past year have some of the mechanisms behind microbial control of the bile acid pool size in animals been elucidated.
Bile salt deconjugation, carried out by bile salt hydrolase, is wide-spread within the normal microbiota [10, 14] . Bile acid synthesis is self-regulated by a feedback loop involving both liver and intestinal expression and activation of the nuclear receptor FXR [22] . Intestinal FXR appears to regulate hepatic cholesterol 7a-hydroxylase (CYP7A1), the ratelimiting enzyme in bile acid synthesis, through a fibroblast growth factor 15 (FGF-15/19)-dependent mechanism [23, 24] . Bile acid structure, such as conjugation, extent and orientation of hydroxy groups determine the degree of activation, or indeed inhibition of FXR. ] demonstrated the mechanism behind the reduction in bile acid pool size when germ-free mice are conventionalized. The primary bile salt in mice, tauro-b-muricholic acid, was shown to be a potent FXR-antagonist, resulting in greater bile acid synthesis and more efficient enterohepatic circulation (EHC) of bile acids (Fig. 2 ] confirmed that expansion of the hydrophilicity of the pool could be achieved by increasing FXR-antagonists (muricholics, UDCA) through elimination of cholic acid in a steroid 12a-hydroxylase knockout mouse model (Cyp8b1 -/-). Interestingly, similar results were obtained in wildtype mice fed antibiotics: the bile acid pool size increased through a positive-feedback mechanism (FXR antagonism) and reduction in potent microbial targets intestinal Lactobacilli, a major source of bile salt hydrolase (BSH) activity in the murine gut. By knocking out BSH activity, production of secondary bile acids, potent FXR agonists, is downregulated. Additionally, increase in FXR antagonists, such as T-bMCA increase, resulted in increased bile acid pool size. Indeed, tempol feeding resulted in a near inversion of the Firmicutes:Bacteroides ratio. This resulted in a concomitant significant increase in T-bMCA levels in the intestine and inhibition of intestinal FXR signaling that showed similar results to intestinal FXR-KO mice in their study [25 && ]. Taken together, these results pose the following question: Does an increase in hydrophilicity of the human biliary pool lead to an increase in bile acid pool size through similar mechanisms?
Thus, the presence of the microbiome alters the composition of the bile acid pool, which in turn has a profound effect on the bile acid pool size; however, dietary and antimicrobial compounds can affect or even ameliorate this equilibrium. Now, we turn to an oft-overlooked aspect of bile salt metabolism, the taurine and glycine conjugates. Devkota et al. [ High-fat diet is associated with increased taurine-conjugation in humans [28] . Free primary bile acids are further metabolized to toxic secondary bile acids that can accumulate in the bile acid pool in humans (see Fig. 1 ) and alter host physiology.
of either milk fat or polyunsaturated fat and compared with a low-fat chow diet. The authors noted a significant expansion of the Bacteroidetes irrespective of the type of fat, similar to previous results. A member of the deltaproteobacteria, Bilophila wadsworthia, expanded from less than 1% of the microbiome to $6% of OTUs detected in the mice fed the milk fat diet [26 && ]. Previous studies have shown that Bilophila, as its name implies, thrives in the presence of bile, and that indeed, it is able to utilize the sulfite in taurine as a terminal electron acceptor ( Fig. 3 ) [26 && ,27,28] . This is significant because human dietary studies have shown that a 'Western diet' can shift the bile acid pool in humans from glycine to taurine-conjugation [28] . Taken together, these results point to specific host molecules, whose levels are controlled partly by diet, which control the levels of a specific member of the microbiome.
CONCLUSION
We are just beginning to elucidate the complex interactions between the liver, bile acids and the gut microbiome. There are as yet no detailed in-vivo studies of bile acid 7a-dehydroxylating bacteria apart from their effects on the bile acid pool. Much of the focus of BSH has been with regard to probiotic organisms and cholesterol-lowering effects of BSH [29] and BSH as a pathogenicity factor [30] . A new area of investigation, as highlighted in this review, is the effect of BSH activity on the size and composition of the bile acid pool and indeed how this affects the structure of the microbiome [19 && ,20 && ,25 && ]. Although the composition of the microbiome in adult humans is surely a product of nature [31] , it is obvious that nurture, particular diet [26 && ] and disease states [6 && -8 && ], sculpts the composition of the microbiome. On the one hand, high-fat diets increase the levels of bile acids in the gut. This increase in bile acid concentration in the large intestine has effects on the highest taxonomic levels in concert with other dietary variables. What is clear is that increased bile acid feeding leads to blooms of taxa including bile acid 7a-dehydroxylating species [12, 13] .
Bile acids are now regarded as important hormones (reviewed by [16] ). Bacteria in the gut produce secondary bile acids, which appear to bind to and activate a number of host nuclear receptors to a greater extent than host primary bile acids (Table 1) [16, 32, 33 && , [34] [35] [36] [37] . Bile acid nuclear receptors are expressed in tissues outside the EHC, such as heart [38] , adipose tissue [39] , and perhaps kidney [40] . G-protein coupled receptors activated by bile acids include TGR-5 [32] , S1PR2 [33 && ], and specific muscarinic receptors [34] . TGR-5 is strongly activated by secondary bile acids microbial products, whereas S1PR2 and muscarinic receptors are only activated by conjugated bile acids [33 && ,34-37,41]. Therefore, the degree of conjugation of the bile acid pool returning from the intestines may significantly alter bile acid signaling in the liver and possibly other tissues. The presence of a microbiome has profound effects on the bile acid profile in host tissues; interestingly, bile acid profiles differ between serum and tissues [16] . Unraveling the effects of different bile acid profiles in host tissues will be an important avenue of biomedical research. Approaches to modulate the microbiome-bile acid axis through diet, and antimicrobial agents (antibiotics, small molecule inhibitors of microbial bile acid biotransforming enzymes), appear likely to reduce the risk and/or treat certain diseases of the gastrointestinal tract and perhaps beyond.
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